Introduction
============

Autophagy, initially known as a form of cell death[@R1]^,^[@R2] is now understood to be involved in regulating cell survival, cellular homeostasis, and physiological function.[@R3]^,^[@R4] The autophagy process also plays an essential role in tissue development,[@R5]^,^[@R6] and cell differentiation including that of reticulocytes,[@R7]^,^[@R8] B cells,[@R9] macrophages,[@R10] adipocytes,[@R11] and osteoclasts.[@R12] Most of our knowledge of how autophagy functions in regulating cell differentiation is based on tissue specific knockouts of autophagy-related genes.[@R7]^,^[@R13]^,^[@R14] Little is known about the signaling mechanisms that initiate autophagy-dependent differentiation pathways.

Autophagy is a catabolic process that begins as the phagophore, which forms at the phagophore assembly site, extends around cytoplasmic cargo such as proteins and organelles and then fuses to form the autophagosome, a double-membraned vesicle that completely surrounds its cargo. Molecules such as Atg1/ULK1, class III phosphatidylinositol 3-kinase (PtdIns3K), Vps34/PIK3C3 (phosphatidylinositol 3-kinase, catalytic subunit type 3) and Vps30/BECN1 can induce autophagosome formation and a subset of these molecules, along with others like MAP1LC3B (microtubule-associated protein 1 light chain 3 β)/LC3B, are important to both the elongation and maturation of the autophagosome.[@R5]^,^[@R15]^,^[@R16] Autophagosomes fuse with lysosomes that degrade their cargo and return amino acids and recycled cellular components to the cell.[@R4]^-^[@R6] Autophagy, a highly regulated process, occurs at basal levels in all cells to mediate protein and organelle turnover to meet the cells' energy demands. It is enhanced under conditions of stress like starvation, hypoxia, and various pathological conditions. During development, autophagy also is associated with the structural remodeling of cells.[@R4]^,^[@R16]

Studies are now beginning to reveal the existence of many types and subsets of autophagic pathways.[@R17]^,^[@R18] In addition, the great number of molecules associated with phagophore formation, and the ability to knock out individual autophagy-associated molecules without affecting all autophagic pathways,[@R19] suggests that there is redundancy, overlap, and/or context specificity to their function. It is becoming increasingly evident that autophagy is a complex mechanism whose individual molecular players can define a particular autophagy process. Importantly, reports now show that autophagy can progress in the absence of some molecules previously believed to be required for the autophagic mechanism to proceed.[@R14]^,^[@R20]^-^[@R23]^,^[@R24] This evidence clearly indicates that autophagy can be context- and tissue-specific and emphasizes the importance of defining the subset of molecules necessary to execute a particular autophagic process.

One of the principal classic regulators of autophagy is MTOR (mechanistic target of rapamycin \[serine/threonine kinase\]), named because the pharmacological agent rapamycin induces autophagy by blocking MTOR signaling. MTOR is a master regulator of cell growth, and is implicated in development and aging as well as in various disease states.[@R25] In the presence of growth factors and when there are ample nutrients available to the cell, MTOR signaling prevents activation of the autophagy pathway.[@R4]^,^[@R26] This function involves MTOR's role in the formation and activation of the highly conserved, multiprotein, MTORC1 complex, where MTOR is associated with MLST8/GβL (MTOR-associated protein, LST8 homolog \[*S. cerevisiae*\]), AKT1S1 (AKT1 substrate 1 \[proline-rich\]), DEPTOR (DEP domain containing MTOR-interacting protein), and RPTOR (regulatory associated protein of MTOR, complex 1). RPTOR, a scaffolding protein, has a pivotal role in the formation of the MTORC1 complex.[@R27]^,^[@R28] A well-known target of MTOR under conditions of osmotic stress RPTOR[@R29] is also reported to be targeted by MAPK8/JNK1 (c-Jun N-terminal Kinase)[@R30] and both MTOR and JNK1/2/3 (MAPK8/9/10) are implicated as factors in the regulation of autophagy.[@R25]^,^[@R31]^-^[@R34] The binding of RPTOR to MTOR is necessary for effective MTOR-catalyzed phosphorylation of its downstream targets in vivo,[@R35] including RPTOR itself. RPTOR's phosphorylation is a key factor in the regulation of MTORC1 signaling.[@R29] Both MTOR and MAPK8/JNK1 phosphorylate RPTOR at Ser863, a master biochemical switch that modulates the hierarchical phosphorylation of RPTOR at Ser859 and Ser855. Ser863 phosphorylation is necessary for the MTORC1 complex to block autophagy.[@R30]^,^[@R36]^,^[@R37]

Interestingly, while the role of MTOR in the MTORC1 complex is exclusively to inhibit autophagy, MAPK/JNK functions as both a positive and a negative regulator of autophagy, its specific action being context- and tissue-specific.[@R31]^,^[@R38] MAPK8/JNK1 can promote autophagy through its phosphorylation of BCL2, which releases BECN1 from its association with BCL2 to function in autophagosome formation.[@R39] The majority of studies where MAPK8/9/JNK1/2 is found as a positive regulator of autophagy involve its activation as a stress signal, such as with compounds that activate reactive oxygen species[@R40] or following nutrient starvation.[@R41] In those situations, blocking stress-induced activation of MAPK8/9/JNK1/2 prevents induction of autophagy. On the other hand, in studies of neurons from triple MAPK/JNK knockout mice, in which endogenous MAPK8/JNK1, MAPK9/JNK2, and MAPK10/JNK3 are eliminated, MAPK8/9/10 has been reported to function as a negative regulator of autophagy.[@R31] We have examined the role of an endogenous MAPK/JNK signal in regulating autophagy for its role in development. The inhibitors used in this study block the activation of all 3 isoforms of JNK (MAPK8/JNK1, MAPK9/JNK2, and MAKP10/JNK3). Therefore, to avoid the suggestion that our results pertain to a specific isoform, and to prevent confusion with other MAPKs, we used the name MAPK/JNK throughout this study. Though both MAPK/JNK and MTOR are molecular players in autophagy regulation, prior to the studies presented here no molecular link had been established between MAPK/JNK inactivation, MTORC1 signaling, and autophagy. We have now discovered that in the context of development the suppression of MAPK/JNK activity blocks MTOR-RPTOR signaling to induce autophagy.

Our studies uncover the role of MAPK/JNK-MTOR-RPTOR regulation of autophagy using the developing ocular lens as our model, where an almost complete spectrum of cell differentiation is present at a single time point in development (modeled in [Fig. S1](#SUP1){ref-type="supplementary-material"}).[@R42] The anterior aspect of the embryonic lens is lined with a monolayer of undifferentiated epithelial cells. In the anterior-most region of the equatorial epithelium is located the germinative zone, the region of lens cell proliferation. As these epithelial cells leave the germinative zone and withdraw from the cell cycle they initiate the lens differentiation program which leads to the formation of lens fiber cells. Important to this study, terminal differentiation/maturation of lens fiber cells involves the loss of cytoplasmic organelles (nucleus, Golgi apparatus, endoplasmic reticulum, mitochondria) from the central zone of the lens to form a region crucial to lens transparency called the organelle-free zone. Aberrations in the formation of the OFZ including the inability to degrade DNA during lens fiber cell maturation can lead to congenital cataracts and visual impairment.[@R43]^,^[@R44] Although the phenomenon of OFZ formation is well documented,[@R45]^,^[@R46] the inducing signal and the mechanism behind the loss of organelles remain unknown. Here, using both a lens organ culture system and primary lens cell cultures that mimic lens differentiation as it occurs in vivo,[@R47] we show that autophagy plays a central role in the loss of organelles to form the OFZ during lens development and reveal a novel pathway in which MAPK/JNK inactivation initiates the process by suppressing MTOR and RPTOR activation. These new findings provide insight into the signaling mechanisms behind loss of nuclei and organelles during the development of the lens, with implications for other developmental mechanisms in which autophagic processes are necessary for tissue maturation.

Results
=======

Temporal loss of endoplasmic reticulum and Golgi in the developing chick embryo lens
------------------------------------------------------------------------------------

During development of the ocular lens, the central lens fiber cells lose their nuclei and organelles, including endoplasmic reticulum (ER) and Golgi, in a tightly programmed manner to form the organelle-free zone. In the chick embryo this loss of organelles begins as a wave that progresses from the center of the lens to the periphery, and by embryonic d (E)18 the loss of organelles and nuclei is complete.[@R48]^,^[@R49] We investigated the timing of organelle loss in our developing lens model by examining lenses at multiple stages of chick embryo development, the results shown here at E13 and E15. Cryosections prepared from the embryonic lenses were immunolabeled for the Golgi marker, FTCD (formiminotransferase cyclodeaminase),[@R50] or the ER marker, HSPA5/Bip/GRP78.[@R51] Immunoblot analysis for FTCD and HSPA5 was performed on cortical fiber (FP) and central fiber (FC) regions of the embryonic lenses obtained by microdissection (regions modeled in [Fig. S1](#SUP1){ref-type="supplementary-material"}). Our studies showed that both ER ([Fig. 1A](#F1){ref-type="fig"}) and Golgi ([Fig. 1B](#F1){ref-type="fig"}) were still widely present throughout the embryonic lens at E13, including in the central lens fiber zone where elongated cisternae stretched across the cells. However, by E15 both ER (HSPA5; [Fig. 1C](#F1){ref-type="fig"}) and Golgi (FTCD; [Fig. 1D](#F1){ref-type="fig"}) were greatly diminished in the central fiber cell zone. Similar results were obtained for another ER marker, CALR3 (calreticulin 3; [Fig. S1](#SUP1){ref-type="supplementary-material"}). In contrast, the lens-specific water channel protein AQP0/aquaporin-0 remained highly expressed at the membranes of differentiated lens fiber cells in the central lens fiber zone (see [Fig. S2](#SUP1){ref-type="supplementary-material"}). The ER and Golgi that remained in the central lens fiber cells at E15 were fragmented, and vesicular in appearance ([Fig. 1C](#F1){ref-type="fig"}, i and D, i), leading us to investigate whether an autophagic process is involved in their removal from the center of the visual field.

![**Figure 1.** Temporal loss of organelles and nuclei in the embryonic chick lens. (**A--D**) Immunoblot and immunostaining analysis for presence of the ER marker HSPA5/Bip and the Golgi marker FTCD in chick embryo lenses at E13 (**A and B**) and E15 (**C and D**). (**A--D**) Immunostaining of mid-sagittal lens cryosections for ER (HSPA5; **A and C**, red) and Golgi (FTCD; **B and D**, red), colabeled with the nuclear dye TO-PRO-3 (blue). Images were obtained by confocal microscopy. Low magnification images in the left panels represent projections of acquired z-stacks; scale bar, 500 μm. Boxed areas are shown at higher magnification to the right, each a 1-μm optical slice selected from an acquired z-stack; scale bar, 20 μm. Nuclei are from the same field as the ER or Golgi marker at their left. Organelle markers are designated as (**i**), nuclear marker as (**ii**). Immunoblots with accompanying densitometric analyses for HSPA5 (**A and C**) and FTCD (**B and D**) was performed on microdissected fractions of the cortical lens fiber cell zone (FP) and the central lens fiber cell zone (FC), quantification is presented as a ratio to GAPDH. Both immunostaining and immunoblotting results show that significant loss of ER and Golgi had occurred between E13 and E15. The remaining organelles in the FC zone at E15 had a vesicular presentation suggesting that they are being degraded. With the same temporal sequence as organelle loss nuclei become highly pyknotic and began to disappear. All of these processes occur in the central region of the lens where lens fiber cells mature and the organelle-free zone is established. These data are representative of at least 3 independent studies. Error bars represent SE. See [Figure S1](#SUP1){ref-type="supplementary-material"} for immunostaining of the ER protein CALR3 at E15.](auto-10-1193-g1){#F1}

We also examined the developmental timing of nuclear loss in these embryonic lenses. At E13 the nuclei of differentiating fiber cells in the central region of the lens still had a normal oval, elongated morphology ([Fig. 1A](#F1){ref-type="fig"}, ii and B, ii). Coincident with the loss of ER and Golgi at E15, the nuclei in the center of the lens became pyknotic (condensed) ([Fig. 1C](#F1){ref-type="fig"}, ii and D, ii). This finding was consistent with previous observations that reported chick embryo lens nuclei become pyknotic before they disappear from the central lens fiber cells at E18.[@R49] Our results demonstrate that the formation of the OFZ occurs around E15 of development, when ER and Golgi have become fragmented and vesicular, and nuclei pyknotic, while at E13 much of the organelle composition remains intact. Therefore, the signals that initiate formation of the OFZ must be enhanced after E13 of development in this system.

Autophagy regulators LC3B and BECN1 are expressed in the E15 lens and associated with autophagic vesicles containing lens organelles
------------------------------------------------------------------------------------------------------------------------------------

There are many markers of the autophagic process, each having specific functions during autophagy. Recent studies show that the classic autophagy markers LC3B and BECN1 are expressed in lens fiber cells of the postnatal mouse,[@R52] suggesting the involvement of autophagic processes in lens development. BECN1 is required for the formation of the phagophore assembly site, the initiation step in autophagy,[@R53]^-^[@R56] while LC3B promotes expansion and fusion of phagophore membranes and directs cargo to this sequestering compartment.[@R57]^-^[@R59] It is the cleaved lipid modified form of LC3B, LC3B-II, which associates with the phagophore and autophagosomal membrane.[@R60] Using immunostaining analysis we examined the expression and localization of these autophagic markers in the E15 lens. Their localization to vesicles that also labeled for an ER marker was used as a measure of whether an autophagic process was responsible for the temporal removal of organelles during lens development that results in formation of the OFZ. At E15, when significant loss of organelles has occurred in the central region of the lens, LC3B ([Fig. 2A](#F2){ref-type="fig"}) and BECN1 ([Fig. 2B](#F2){ref-type="fig"}) were expressed in both lens epithelial cells and differentiating lens fiber cells. Across the fiber cell zones their staining intensity was differentiation-state specific. Both molecules were prominently expressed in cortical lens fiber cells ([Fig. 2A](#F2){ref-type="fig"}, i and B, i), and diminished in the central region of the lens where they had a distinctly vesicular staining pattern ([Fig. 2A](#F2){ref-type="fig"}, ii and B, ii) that is typically associated with autophagy. Co-immunostaining for the ER marker CALR3 with either LC3B ([Fig. 2C](#F2){ref-type="fig"}, i and ii) or BECN1 ([Fig. 2C](#F2){ref-type="fig"}, iii) revealed that organelles (or fragments thereof) were present within autophagic vesicles, particularly in the FC zone. To determine whether there was an increase in association of ER with LC3B-positive vesicles in the FC region of the developing lens during the time of OFZ formation at E15, we compared the percent CALR3-positive vesicular-like structures labeled with LC3B in the FP zone to the FC zone. While 28% of the CALR3-containing vesicles were LC3B-positive in the FP zone, this increased to 52% in the FC zone ([Fig. S3](#SUP1){ref-type="supplementary-material"}). Co-immunostaining for the mitochondrial marker TOMM20 (translocase of outer mitochondrial membrane 20 homolog \[yeast\]) and LC3B, showed that mitochondria also were localized to LC3B-positive vesicular structures in the central lens fiber cells of E15 lenses, further evidence of the involvement of autophagy in the removal of organelles during lens fiber cell maturation ([Fig. S4](#SUP1){ref-type="supplementary-material"}).

![**Figure 2.** Active autophagy is involved in the removal of nuclei and organelles from the lens fiber cells in the E15 chick lens. (**A and B**) E15 lens cryosections were immunostained for the autophagy markers LC3B (**A**, red) and BECN1/Beclin 1 (**B**, red) and colabeled with the nuclear dye TO-PRO-3 (blue). Images were acquired by confocal microscopy. Images shown in the left panel of (**A and B**) are low magnification images represented as projections of acquired z-stacks; scale bar, 200 μm. Boxed areas are shown at higher magnification to the right, each a 1-μm optical slice selected from an acquired z-stack; scale bar, 20 μm. The cortical lens fiber cell region (FP) is designated as (**i**) and the central lens fiber cell region (FC) as (**ii**), diagrammed in the model in (**C**). The results show that the intensity and staining pattern of autophagy markers LC3B and BECN1 in the E15 lens is differentiation-state specific, with a vesicular appearance in the FC zone. (**C**) Cryosections of E15 lenses were co-immunostained either for (**i and ii**) LC3B (red), CALR3 (ER marker, green), and TO-PRO-3 (nuclear dye, blue) or for (**iii**) BECN1 (red) and CALR3 (ER marker, green) and imaged in the (**i**) FP and (**ii**) FC zones. Boxed (red), regions on the model designate areas from where images were acquired. Images are each a 1-μm optical slice selected from an acquired z-stack; scale bar, 20 μm. Confocal images are representative of 3 independent studies. In the FC zone, both LC3B and BECN1, which localize to autophagic vesicles, showed significant overlap with the ER marker CALR3, suggesting the removal of organelles during lens development occurs through an autophagic process. See also [Figures S2--S4](#SUP1){ref-type="supplementary-material"}. (**D**) Immunoblot studies showing expression levels of SQSTM1/p62 in differentiation-specific fractions isolated by microdissection from E15 lenses. EC, undifferentiated lens epithelial cells; EQ, equatorial epithelium, the zone of differentiation initiation; FP, cortical fiber cells, a region of lens morphogenesis; and FC, central fiber cells, the region of fiber cell maturation. Quantification of SQSTM1 expression relative to GAPDH is shown in the panel on the right. Data represent 3 independent studies. This result supported the conclusion that autophagy is occurring in lens fiber cells as the loss of SQSTM1 is correlated with active autophagy. Error bars represent S.E., **\*\****P* ≤ 0.01, *t* test. n.s., nonsignificant. See [Figure S5](#SUP1){ref-type="supplementary-material"} for immunolocalization of SQSTM1 at E15. (**E, i and ii**) Electron micrographs showing double-membrane-bound autophagosomes surrounding a degrading organelle that is likely a mitochondria and cytoplasmic debris in the cortical fiber cell zone close to the region of organelle loss. Boxed insets in (**i and ii**) are shown at higher magnification to the right. Data show structural evidence of autophagy in the region in which organelles are lost during lens development; scale bar, 500 nm. Results are representative of 4 independent studies.](auto-10-1193-g2){#F2}

SQSTM1/p62 is a selective receptor that directly links cargo to the phagophore through LC3A/B, following which SQSTM1 is degraded. Factors that lead to a block in autophagy result in an accumulation of SQSTM1.[@R61]^,^[@R62] Therefore, a general relationship has been established between an active autophagic process and the loss of SQSTM1.[@R63]^,^[@R64] We examined the expression levels of SQSTM1 in E15 lenses following their microdissection into 4 differentiation state-specific regions (modeled in Fig.S1): EC, undifferentiated lens epithelial cells; EQ, equatorial epithelial cells in the zone of differentiation initiation; FP, the region of lens fiber cell morphogenesis; and FC, the zone of fiber cell maturation and organelle loss. SQSTM1 expression was high in the undifferentiated lens epithelial cells and progressively decreased in expression as the lens fiber cells differentiated, with little to no expression of SQSTM1 detected in the central lens fiber cells ([Fig. 2D](#F2){ref-type="fig"}). Similar results were observed when E15 lens sections were immunostained for SQSTM1 (see [Fig. S5](#SUP1){ref-type="supplementary-material"}). This finding provides further support that autophagy is a significant element of the process of organelle removal from lens fiber cells during formation of the OFZ.

To validate the presence of an active autophagic process during the time period of removal of organelles from the central region of the lens, we performed electron microscopy analysis at E14 along the border of OFZ formation. This analysis revealed that double-membraned autophagosomal vesicles surrounding organelles ([Fig. 2E](#F2){ref-type="fig"}, i and ii), or fragments of organelles, were present in these cells. Our findings show a role for autophagy in the removal of organelles during lens development.

Inactivation of MAPK/JNK signaling induced a pathway leading to premature loss of ER and nuclei in the central lens fiber cells by autophagy
--------------------------------------------------------------------------------------------------------------------------------------------

We began our studies of the signaling pathways involved in inducing the autophagic pathway that removes organelles during lens development by investigating the potential role of the signaling protein MAPK/JNK in this process. This avenue of investigation was suggested by our observation that there was a dramatic inhibition of MAPK/JNK signaling in the central region of the lens (FC) coincident with the formation of the OFZ at E15 ([Fig. 3A and B](#F3){ref-type="fig"}). For these studies the activation state of MAPK/JNK was determined by both immunolocalization and western blot analysis for phosphorylation of JUN (p-JUN/p-c-JunSer63/73), the direct downstream target of MAPK/JNK.[@R65] To investigate whether there was a link between the inactivation of MAPK/JNK signaling and the induction of organelle loss in the developing lens, MAPK/JNK activity was blocked in whole lens organ cultures using 2 distinct MAPK/JNK-specific inhibitors, SP600125[@R66] and JNK-IN-8.[@R67] E13 lenses were used for this study because it is a time point in development before there is significant loss of organelles. The lenses were exposed to either SP600125 or JNK-IN-8 for 24 h, which effectively suppressed MAPK/JNK activation in both cortical and central lens fiber cells, as shown by immunoblot analysis for p-JUN (Ser63/73) in differentiation-specific fractions of the lens isolated by microdissection ([Figs. S6 and S7A](#SUP1){ref-type="supplementary-material"}). Both immunostaining and western blot analysis for the ER marker HSPA5 showed that inhibition of MAPK/JNK signaling induced premature loss of ER from cells in the central fiber zone ([Fig. 4A](#F4){ref-type="fig"}; [Fig. S7C and S7D](#SUP1){ref-type="supplementary-material"}). Similar studies were performed with the ER marker CALR3. The results showed loss of expression of CALR3 in both cortical and central lens fiber cells following MAPK/JNK inhibition with SP600125 ([Fig. 4B](#F4){ref-type="fig"}).

![**Figure 3.** Temporal inactivation of MAPK/JNK in chick embryonic lenses. (**A and B**) Immunostaining (**i and ii**) and immunoblotting analysis (**iii and iv**) of lens cryosections for phospho-(p)-JUN Ser63/73, the direct downstream target of MAPK/JNK, at (**A**) E13 and (**B**) E15 are shown. Boxed region in (**i**) is represented at high magnification in (**ii**). (**i and ii**) Images were acquired by confocal microscopy. Analysis of p-JUN expression in E13 (**A**) and E15 (**B**) lenses by immunoblotting is shown in (**iii**), to its right, densitometric analysis of p-JUN expression ratio adjusted to the loading control GAPDH is shown (**iv**). Error bars represent SE. Results indicate presence of active MAPK/JNK signaling in the central lens fiber cells at E13 and inhibition of the MAPK/JNK signal in this region of the lens at E15, coincident with loss of nuclei and organelles to form the OFZ, suggesting that inactivation of MAPK/JNK may be involved in this process. Images in (**i**) are projection images of acquired z-stacks, (**ii**) is a 1-μm thick optical slice. Scale bar, 200 μm (**i**) and 20 μm (**ii**). Results are representative of 3 independent studies.](auto-10-1193-g3){#F3}

![**Figure 4.** MAPK/JNK inactivation induces premature loss of ER and nuclei from the central lens fiber cells. (**A and B, i--iv**) Mid-sagittal lens cryosections from whole lens organ cultures, exposed to the vehicle, DMSO, and the MAPK/JNK inhibitor, SP600125, for 24 h, were immunostained for the ER markers HSPA5/Bip (**A, i--iv**, red), or CALR3 (**B, i--iv**, green), and colabeled with the nuclear dye TO-PRO-3 (**A and B, i--iv**, blue). Low magnification confocal images (**i and ii**) in (**A and B**) represent projection images of optical slice of 8-μm thickness; scale bar, 200 μm. Boxed areas in (**A and B, i and ii**) are shown at higher magnification below (**iii and iv**). Optical slices of 1-μm thickness were selected from an acquired z-stack; scale bar, 20 μm. Data show premature loss of ER in central lens fiber cells is induced when MAPK/JNK activation is suppressed. (**A and B, v and vi**) Immunoblot studies show that expression of the ER markers (**A, v**) HSPA5 and (**B, v**) CALR3 were significantly decreased in the central lens fiber cells (FC) after a 24 h exposure to the MAPK/JNK inhibitor SP00125. Quantification of HSPA5 and CALR3 expression is shown in (**A, vi**) and (**B, vi**), respectively. See [Figure S7](#SUP1){ref-type="supplementary-material"} for immunoblot and immunolocalization results for HSPA5 expression following exposure to the MAPK/JNK inhibitor JNK-IN-8. (**C and D**) Mid-sagittal lens cryosections obtained from whole lenses that were exposed to the vehicle DMSO, or MAPK/JNK inhibitor, SP600125, for 24 h (**C**) and 48 h (**D**) were fixed and labeled with TO-PRO-3 to detect nuclei. Low magnification confocal images (**i and ii**) in (**C and D**) represent projections of acquired z-stacks; scale bar, 200 μm. Boxed areas in (**i and ii**) are shown at higher magnification below (**iii and iv**). These images were 1-μm optical slices selected from an acquired z-stack; scale bar, 20 μm. Results show pyknosis of nuclei is induced prematurely when MAPK/JNK activation was suppressed for 24 h, followed by nuclear loss after 48 h. See also [Figure S8](#SUP1){ref-type="supplementary-material"}. Results are representative of at least 3 or more independent studies. Error bars represent S.E., \*^/\#^*P* ≤ 0.05, *t* test.](auto-10-1193-g4){#F4}

To examine if inhibition of MAPK/JNK induced autophagic loss of organelles from the central lens fiber cells, we performed co-immunostaining analysis for the organelle marker CALR3 with the autophagy proteins LC3B and BECN1. Our results showed increased presence of CALR3 in both LC3B-positive ([Fig. 5A--C](#F5){ref-type="fig"}) and BECN1-positive ([Fig. S9](#SUP1){ref-type="supplementary-material"}) vesicles in the FC cells following inactivation of MAPK/JNK with either SP600125 or JNK-IN-8. This result demonstrates that removal of ER following inactivation of MAPK/JNK occurs by an autophagic process. The removal of organelles induced by blocking MAPK/JNK activity was specific to differentiating lens fiber cells as there was no such effect on the organelles of lens cells in the equatorial zone ([Fig. 5](#F5){ref-type="fig"}; [Fig. S9](#SUP1){ref-type="supplementary-material"}). These results strongly support the conclusion that the autophagy process signaled by MAPK/JNK inactivation is regulated in a spatial-temporal manner to form the OFZ.

![**Figure 5.** Suppressing MAPK/JNK activation induced removal of lens organelles from the central lens fiber cell zone by autophagy. Immunofluorescence analysis of mid-sagittal lens cryosections co-labeled for CALR3 (green), LC3B (red), and nuclei (TO-PRO-3, blue) prepared from lenses grown in organ culture for 24 h in the presence of (**A**) the vehicle DMSO, (**B**) the MAPK/JNK inhibitors SP600125, or (**C**) the MAPK/JNK inhibitor JNK-IN-8. (**A--C**, upper panels) equatorial zone, EQ; (**A--C**, lower panels) central fiber zone, FC. Overlay of CALR3 (green) and LC3B (red) shown in panels on the right. Boxed areas in the FC overlay images are shown at higher magnification in the bottom right corner. Examples of the presence of ER (green) in LC3B-positive autophagic vesicles (red) are indicated by white arrowheads. Represented optical slices were taken from an acquired z-stack. Each optical slice is 0.2-μm thick. Data shows that inhibiting MAPK/JNK activation induced removal of ER in autophagic vesicles in central lens fiber cells. Little colocalization of ER in LC3B-labeled autophagic vesicles was observed in the EQ zone; scale bar, 20 μm. Results are representative of 3 independent studies. See also [Figure S9](#SUP1){ref-type="supplementary-material"} for similar studies with BECN1.](auto-10-1193-g5){#F5}

The formation of the OFZ also involves the loss of nuclei, with lens nuclei typically becoming rounded and pyknotic (condensed), prior to their disappearance from the central lens fiber cells.[@R46] Associated with this process, DNASE2B/DNase II-like acid DNase localizes with lysosomes in lens fiber cells at the border of the OFZ where it accumulates around the nuclei just prior to their elimination.[@R68] We examined the status of nuclei at 24 and 48 h in ex vivo culture following exposure of E13 lenses to the MAPK/JNK inhibitor SP600125 ([Fig. 4C and D](#F4){ref-type="fig"}). Inhibiting MAPK/JNK activity induced premature nuclear condensation after just 24 h ([Fig. 4C](#F4){ref-type="fig"}), which was followed by nuclear loss at 48 h ([Fig. 4D](#F4){ref-type="fig"}). In the control group, nuclei became condensed after 2 d in organ culture, exactly patterning the timing of this process in vivo (E13-E15), evidence that the control lenses continued their normal differentiation pathway in ex vivo culture. Similarly, the MAPK/JNK inhibitor JNK-IN-8 induced premature condensation and nuclear loss ([Fig. S7C, iii and iv](#SUP1){ref-type="supplementary-material"}). Electron microscopy analysis confirmed the effect of MAPK/JNK inhibition on nuclear morphology, even in the cortical lens fiber zone where the appearance of nuclei was suggestive of early stages of nuclear fragmentation ([Fig. S8](#SUP1){ref-type="supplementary-material"}). Together, the studies in this section show that MAPK/JNK inactivation initiated the signaling events that induced the loss of organelles and nuclei from the central lens fiber cells, as is required for formation of the OFZ during lens development.

To determine if induction of autophagy due to MAPK/JNK inhibition was specific to differentiating lens cells or is a phenomenon that can be observed in other cell types as well, we blocked endogenous MAPK/JNK activity in the breast cancer cell line MCF-7 with both MAPK/JNK inhibitors, SP600125 and JNK-IN-8. Here, endogenous refers to the MAPK/JNK signaling pathway activated during normal cell growth, not MAPK/JNK activity that is a transducer of a stress pathway, as in response to starvation. This example was chosen specifically, as blocking activation of MAPK/JNK in response to a cellular stress using the MAPK/JNK inhibitor SP600125[@R40]^,^[@R41]^,^[@R69]^,^[@R70] prevents induction of autophagy in MCF-7 cells. Our results showed that both SP600125 (25 μM) and JNK-IN-8 (1 μM) effectively blocked MAPK/JNK activation (phosphorylation of JUN/c-Jun) in MCF-7 cells ([Fig. S10A](#SUP1){ref-type="supplementary-material"}). In contrast, the MAPK/JNK activator anisomycin induced MAPK/JNK activity, while the MTOR inhibitor rapamycin had only a small effect on the activation state of MAPK/JNK. Blocking endogenous MAPK/JNK signaling in the MCF-7 cells with both MAPK/JNK inhibitors led to significant conversion of LC3B-I to LC3B-II, a measure of autophagy induction, whereas activation of MAPK/JNK with anisomycin prevented induction of both LC3B-I and LC3B-II ([Fig. S10B](#SUP1){ref-type="supplementary-material"}). Note that the MCF-7 cells have a basal level of LC3B-II expression ([Fig. S10B](#SUP1){ref-type="supplementary-material"}), as these cells use autophagy as a mechanism to derive energy and survive[@R71] Similar to the MAPK/JNK inhibitor results, exposure of MCF-7 cells to rapamycin induced increased LC3B-II expression ([Fig. S10B](#SUP1){ref-type="supplementary-material"}). To further demonstrate the connection between MAPK/JNK inactivation and the induction of autophagy in MCF-7 cells, we exposed the cells to the live autophagy dye CYTO-ID, which labels autophagic vesicles, following inactivation of MAPK/JNK with both SP600125 and JNK-IN-8. Significant vesicular localization of the CYTO-ID autophagic vesicle marker was observed following MAPK/JNK inactivation ([Fig. S10C](#SUP1){ref-type="supplementary-material"}).[@R72]^,^[@R73] To further examine the effect of inhibition of endogenous MAPK/JNK activity on MCF-7 cells, we co-labeled with the live dyes ER-Tracker and LysoTracker to detect ER and lysosomes, respectively, in real-time ([Fig. S10D](#SUP1){ref-type="supplementary-material"}), as well as co-immunostained for the autophagy protein ATG14 and the ER marker CALR3 ([Fig. S10E](#SUP1){ref-type="supplementary-material"}). The results showed increased colocalization of ER-Tracker and LysoTracker in vesicular structures, as well as for ATG14 and CALR3, following MAPK/JNK inactivation. These data parallel our results with the developing lens, suggesting that the induction of organelle loss by autophagy following inactivation of endogenous MAPK/JNK signaling pathways may be a common phenomenon. This pathway represents a distinct mechanism from that involved in the prevention of autophagy induction when MAPK/JNK activation is blocked in cells exposed to stress.

MTOR signaling implicated in removal of nuclei and organelles during lens development
-------------------------------------------------------------------------------------

In forming the MTORC1 complex the autophagy regulator MTOR kinase binds to and phosphorylates the scaffolding protein RPTOR, which then recruits downstream targets of MTOR such as RPS6KB (ribosomal protein S6 kinase, 70kDa), making them accessible to MTOR phosphorylation, and preventing activation of the autophagy pathway.[@R74]^,^[@R75] Together immunolocalization ([Fig. 6A](#F6){ref-type="fig"}) and immunoblot ([Fig. 6B](#F6){ref-type="fig"}, WCL) analyses demonstrated that MTOR was expressed throughout the E15 lens and that its levels dropped in the central lens fiber cells where OFZ formation is induced. While the level of RPTOR expression was more similar in cortical and central lens fiber cells, the association of RPTOR with MTOR was dramatically decreased in the central fiber region of the lens ([Fig. 6B](#F6){ref-type="fig"}), evidence that the MTORC1 complex had become disassembled. Disassembly of this complex would shut off the MTOR signal that prevents autophagy induction, which could lead to the autophagic removal of organelles in this region of the developing lens. In support of this conclusion control E13 lenses at 24 h in organ culture exhibited a lower level of phosphorylation of the MTOR target RPS6KB (Thr389) in the central fiber cells than in cortical fiber cells ([Fig. 7A](#F7){ref-type="fig"}).

![**Figure 6.** Premature loss of nuclei and organelles from central lens fiber cells involve inactivation of MTORC1. (**A**) Cryosection from E15 lens immunostained for MTOR (red). Image is represented as a projection of acquired z-stacks, obtained by confocal microscopy; scale bar, 200 μm. Results show diminished expression of MTOR in the central lens fiber cells (FC). (**B**) Immunoblot analysis of whole cell lysates (WCL) showed relative expression of MTOR and RPTOR in cortical (FP) and central (FC) fiber zones of the E15 lenses. Co-immunoprecipitation analysis in fiber cell zones isolated by microdissection of E15 lenses demonstrated that the association between MTOR and RPTOR (a measure of the MTORC1 complex) was diminished in the central lens fiber cell zone (FC), consistent with autophagy induction for the formation of the OFZ. This result was quantified as the ratio of RPTOR to MTOR in FP and FC. These results imply disassembly of the MTORC1 complex occurs with lens fiber cell maturation. Error bars represent S.E., **\****P* ≤ 0.05, *t* test. (**C**) Cryosections cut from E13 lenses exposed for 24 h to (**i and iii**) the vehicle, DMSO, or (**ii and iv**) the MTOR inhibitor rapamycin were immunostained for the ER marker HSPA5/Bip (red) and co-labeled with the nuclear dye TO-PRO-3 (blue). Images were obtained by confocal microscopy. (**i and ii**) are projection images shown at low magnification; scale bar, 200 μm. Boxed areas in (**i and ii**) are shown at higher magnification on the right (**iii and iv**). Each optical slice is 1 μm and was selected from an acquired z-stack; scale bar, 20 μm. (**v**) Immunoblot analysis of expression of the ER marker HSPA5 in FP and FC lens fiber zones from E13 lenses grown for 24 h in organ culture in the presence of either the vehicle DMSO or the MTOR inhibitor rapamycin. Results indicate premature loss of ER from the central lens fiber cells when the MTOR signal was inhibited with rapamycin. (**D**) Mid-sagittal cryosections were cut from E13 lenses exposed for 24 h in organ culture to (**i and iii**) the vehicle, DMSO or (**ii and iv**) the MTOR inhibitor rapamycin, labeled with the nuclear dye, TO-PRO-3 (blue). (**i and ii**) are representative projection images at low magnification obtained by confocal microscopy. Boxed regions are shown at higher magnification to the right (**iii and iv**). Images were selected from acquired z-stacks; each optical slice is 1 μm. Scale bars denote 200 μm (**i and ii**) and 20 μm (**iii and iv**). Results show pyknosis and premature loss of nuclei specifically in the central lens fiber cells when the MTOR signal is blocked. Results are representative of 3 independent studies.](auto-10-1193-g6){#F6}

![**Figure 7.** Suppressing the MAPK/JNK-MTOR-RPTOR signaling pathway led to premature loss of nuclei and organelles in lens fiber cells by autophagy. (**A--C**) Immunoblot analysis for (**A**) phospho-(p)-RPS6KB Thr389, RPS6KB, (**B**) phospho-(p) MTORSer2481, MTOR, and (**C**) phospho-(p)-RPTORSer863, RPTOR, in cortical (FP) and central (FC) fiber cell zones that were microdissected from lenses exposed to the MAPK/JNK inhibitor, SP600125, the MTOR inhibitor, rapamycin, or the vehicle DMSO. Both the MAPK/JNK and MTOR inhibitors suppressed activation of (**A**) p-RPS6KB Thr389, (**B**) p-MTORSer2481 and (**C**) p-RPTOR Ser863 in both cortical and central lens fiber cells. Immunoblot for GAPDH was included as a loading control. Total expression of RPS6KB and RPTOR were also diminished by the inhibitors in the FC zone. Quantification of the results is represented as the ratio of the phosphorylated (activated) form to the total expression level of the protein. Results show that in the presence of the MAPK/JNK inhibitor phosphorylation of RPTOR on Ser863, activation of MTOR and its downstream target RPS6KB were suppressed. Similar results were observed for rapamycin. (**D**) Immunostaining in cryosections cut from lenses grown for 24 h in organ culture in the presence of the MAPK/JNK inhibitor, SP600125, or its vehicle DMSO, showed upregulated perinuclear expression of the autophagy marker, ULK1 (red) in central lens fiber cells (FC) when MAPK/JNK activation was suppressed. Sections were colabeled for nuclei with TO-PRO-3 (blue). Images were obtained by confocal microscopy. Each optical slice is 0.2 μm and was selected from an acquired z-stack; scale bar, 20 μm. (**E and F**) Immunoblot analysis for LC3B-I and its lipid modified, autophagosome-associated form LC3B-II in FP and FC fiber cell zones microdissected from lenses that were exposed for 24 h to (**E**) the MAPK/JNK inhibitor SP600125, (**F**) rapamycin, or (**E and F**) the vehicle DMSO. Immunoblot for GAPDH was included as a loading control. Quantification of results is represented as the ratio of LC3B-II/GAPDH. The results reveal a significant increase in the expression of LC3B-II in both FP and FC following inactivation of either MAPK/JNK or MTOR signaling pathways. Results are representative of 3 or more independent studies. Error bars represent S.E., \*^/\#^*P* ≤ 0.05 and \*\**P* ≤ 0.01, *t* test; n.s., nonsignificant.](auto-10-1193-g7){#F7}

Since a drop in MTOR expression and activation is often correlated with induction of autophagy,[@R76]^,^[@R77] and our results showed decreased expression and activation of MTOR in the central lens fiber cells, we examined whether MTOR inactivation would be sufficient to induce premature formation of the OFZ. For this study MTOR activation was suppressed with the pharmacological inhibitor rapamycin, which blocks formation of the MTORC1 complex, to induce autophagy.[@R78] Exposure of E13 lenses to rapamycin for 24 h in organ culture effectively suppressed phosphorylation of RPS6KB on Thr389 in both cortical and central lens fiber cells ([Fig. 7A](#F7){ref-type="fig"}). Suppressing MTOR activity in these lenses induced the premature loss of organelles from lens fiber cells, as shown both by immunostaining and immunoblotting for the ER marker HSPA5 in the central fiber zone ([Fig. 6C](#F6){ref-type="fig"}). MTOR inactivation with rapamycin also induced nuclear condensation and loss ([Fig. 6D](#F6){ref-type="fig"}), similar to that observed in the MAPK/JNK inhibitor studies. Therefore, inactivation of MTOR is sufficient to induce the premature formation of the OFZ in the developing lens.

MAPK/JNK signals upstream of MTOR to induce autophagy in the developing lens
----------------------------------------------------------------------------

MAPK/JNK has been shown to target phosphorylation of RPTOR under conditions of osmotic stress.[@R30] However, the possibility of a link between MAPK/JNK inactivation and MTOR function with respect to autophagy induction has not been examined previously in the context of development. Since RPTOR phosphorylation on Ser863 is necessary for MTORC1 signaling,[@R36] we examined the effect of blocking MAPK/JNK activation on the phosphorylation of both RPTOR and MTOR. Immunoblot analysis was performed with activation (phospho)-specific antibodies on both cortical and central fiber cells isolated from E13 lenses that had been exposed in organ culture for 24 h to the MAPK/JNK inhibitor SP600125 or its vehicle dimethyl sulfoxide (DMSO; [Fig. 7A--C](#F7){ref-type="fig"}). The results showed that suppressing MAPK/JNK activity caused significant inhibition of the MTOR signaling pathway in both these lens fiber cell zones. MAPK/JNK inhibition blocked the phosphorylation (activation) of MTOR (Ser2481, [Fig. 7B](#F7){ref-type="fig"}), RPTOR (Ser863, [Fig. 7C](#F7){ref-type="fig"}), and the direct downstream target of MTOR, RPS6KB ([Fig. 7A](#F7){ref-type="fig"}). In parallel studies, we examined the effect of rapamycin on MTOR signaling and compared the results to those obtained with the MAPK/JNK inhibitor. Both had similar effects on MTOR signaling in lens fiber cells that included inactivation of S6K, MTOR and RPTOR in cortical and central lens fiber cells ([Fig. 7A--C](#F7){ref-type="fig"}). However, the inhibition of RPTOR phosphorylation was greater with the MAPK/JNK inhibitor than with rapamycin. These results support a role for MAPK/JNK activation upstream of MTOR signaling in the pathway that blocks induction of autophagy in the developing lens, and suggested that it is inactivation of MAPK/JNK that was the inducing signal for formation of the OFZ.

To examine the link between the inactivation of the MAPK/JNK-MTOR signaling pathway and the induction of the autophagic process in the lens fiber cells, MAPK/JNK and MTOR signaling were blocked independently in lens organ cultures (E13) using SP600125 and rapamycin, respectively. Lenses were examined after a 24 h treatment period for expression of ULK1, a marker of phagophore formation, the expression and cleavage of the autophagosome marker LC3B, and both the presence and number of autophagic vesicles, determined by transmission electron microscopy analysis. Immunofluorescence studies showed that inactivation of MAPK/JNK induced expression of ULK1 and its association with vesicular structures in the central fiber cells of the lens ([Fig. 7D](#F7){ref-type="fig"}). Interestingly, the localization of ULK1 in these cells was perinuclear, a common feature of autophagy.[@R79] Both MAPK/JNK ([Fig. 7E](#F7){ref-type="fig"}; [Fig. S7B](#SUP1){ref-type="supplementary-material"}) and MTOR ([Fig. 7F](#F7){ref-type="fig"}) inhibitors induced high levels of LC3B-II expression in cortical and central lens fiber cells.

While the data presented above provide strong evidence of the induction of a molecular pathway associated with executing the autophagic process in lens fiber cells following inhibition of MAPK/JNK and MTOR signaling pathways, a standard of proof of autophagy induction remains observation of autophagic vesicles at the ultrastructural level by electron microscopy imaging. For these studies (E13) lenses were grown for 24 h in organ culture in the presence of the MAPK/JNK inhibitor SP600125, rapamycin, or the vehicle control, DMSO. EM analysis in a region of the cortical fiber zone close to the region of formation of the OFZ revealed a significant increase in the number of autophagic vesicles (both autophagosomes and autolysosomes) in response to inactivation of either MAPK/JNK or MTOR ([Fig. 8A](#F8){ref-type="fig"}). In control lenses an average of one autophagic vesicle was observed per unit area compared with 3 per unit area following inactivation of MAPK/JNK (SP600125) and 3 per unit area that form after exposure to the MTOR inhibitor rapamycin. Examples of autophagic vesicles commonly observed under each of these conditions are shown in [Figure 8B](#F8){ref-type="fig"}. These include both double-membrane autophagic vesicles surrounding cytoplasmic organelles and cellular debris, and autolysosomes, single-walled autophagic vesicles (translucent interior) that result from the fusion of autophagosomes with hydrolytic-enzyme containing lysosomes. These results support a pathway in which the inactivation of MAPK/JNK-MTOR signaling was responsible for the induction of autophagy in lens fiber cells in order to create the OFZ during lens development.

![**Figure 8.** Inhibition of either MAPK/JNK or MTOR signaling induced formation of autophagic vesicles in lens fiber cells. (**A**) Quantification of the number of autophagic vesicles in lenses grown in organ culture for 24 h in the presence of the vehicle (DMSO), the MAPK/JNK inhibitor (SP600125, 25 μM) or the MTOR inhibitor (rapamycin, 100 nM) showed a significant increase in the number of autophagic vesicles (including autophagosomes and autolysosomes) when MAPK/JNK or MTOR signaling was inhibited. These results provide ultrastructural evidence that autophagy is induced to remove lens organelles when MAPK/JNK and MTOR signals were suppressed. (**B**) Representative electron micrographs of autophagic vesicles (red arrows) observed in lenses that were exposed to the vehicle (DMSO), the MAPK/JNK inhibitor (SP600125) or the MTOR inhibitor (rapamycin). Autophagic vesicles shown include both autophagosomes and autolysosomes. Double-membraned vesicles are characteristic of autophagosomes, and are shown containing cellular organelles, cellular debris and/or translucent material. Single-membranes with translucent interiors containing cellular debris and degrading organelles are typical of autolysosomes. The images were acquired from an area in the fiber cells at the border of organelle-free zone formation; scale bar, 500 nm. Results are representative of 4 independent studies. Error bars represent SE \**P* ≤ 0.05, *t* test.](auto-10-1193-g8){#F8}

Inactivation of MAPK/JNK and MTOR in a primary, differentiating lens culture system induces autophagic-dependent loss of nuclei and organelles
----------------------------------------------------------------------------------------------------------------------------------------------

To further investigate the relationship between MAPK/JNK and MTOR signaling and their inactivation in triggering the autophagic removal of nuclei and organelles from mature lens fiber cells, we conducted studies with a primary lens cell culture model that mimics lens cell differentiation as it occurs in vivo. In this culture system primary lens epithelial cells differentiate to form mini lens-like structures called lentoids ([Fig. S11](#SUP1){ref-type="supplementary-material"}).[@R47] With this culture system it was possible to map the molecular components of the autophagy-inducing signaling pathway by blocking their activation with inhibitors. As was found for the lens organ culture system, 24 h exposure of lentoid-containing cultures to the MAPK/JNK inhibitor SP600125 effectively blocked the phosphorylation of JUN, a direct downstream target of MAPK/JNK ([Fig. 9A](#F9){ref-type="fig"}). In contrast, the MTOR inhibitor rapamycin had no effect on JUN phosphorylation. This result confirms the linearity of the MAPK/MTOR signaling axis, showing that MAPK/JNK activates MTOR in these cells, but not the reverse. Both the MAPK/JNK inhibitor and rapamycin suppressed phosphorylation (activation) of MTOR, RPTOR, and RPS6KB ([Fig. 9B--D](#F9){ref-type="fig"}). Again, inhibition of MAPK/JNK signaling had a much more potent inhibitory effect of the phosphorylation of RPTOR than did rapamycin ([Fig. 9D](#F9){ref-type="fig"}). This result suggested that when MAPK/JNK signaling was inhibited, the assembly of the MTORC1 complex was impaired, removing the block on the autophagy signal.

![**Figure 9.** MAPK/JNK is upstream to MTORC1 in signaling the premature loss of nuclei and organelles in the lens fiber cells. (**A--J**) Primary lens cell cultures containing mature lentoid structures (multilayered, multicellular, differentiated mini-lens-like structures, shown in [Fig. S11](#SUP1){ref-type="supplementary-material"}) were exposed for 24 h to either the MAPK/JNK inhibitor SP600125, the MTOR inhibitor, rapamycin or their vehicle DMSO. (**A--D**) Extracts were immunoblotted for (**A**) phospho-(p)-JUN Ser63/73, JUN, (**B**) phospho-(p)-pRPS6KB Thr389, RPS6KB, (**C**) phospho-(p)-MTOR Ser2481, MTOR, or (**D**) phospho-(p)-RPTOR Ser863, RPTOR. GAPDH was included as a loading control. Quantification is represented as a ratio of phosphorylated (activated) form to total expression levels of the protein. Results show that the MAPK/JNK inhibitor SP600125 effectively blocked activation of JUN, a direct downstream target of JNK, while rapamycin had no significant effect on JUN phosphorylation. Both SP600125 and rapamycin suppressed activation of (**B**) RPS6KB, (**C**) MTOR and (**D**) RPTOR, with MAPK/JNK inhibition causing a greater block of RPTOR phosphorylation than MTOR inhibition. (**E**) Extracts were immunoblotted for CALR3 and GAPDH. Quantification is represented as a ratio of CALR3 to GAPDH. Loss of the ER marker CALR3 was induced when either MAPK/JNK or MTOR signals were inhibited. (**F and G**) Cultures were immunostained for (**F, i--iii**) the Golgi marker, FTCD (**F**) or (**G, i--iii**) the mitochondrial marker, TOMM20 (red), colabeled for nuclei with TO-PRO-3 (blue) and examined by confocal microscopy. Images display both a single optical plane and orthogonal (z) sections (above and to the right). Results showed significant loss of Golgi, mitochondria and nuclei in lentoids when either MAPK/JNK or MTOR signals were blocked. (**H and I**) Extracts were immunoblotted for (**H**) BECN1 or (**I**) LC3B, and the loading control GAPDH. Quantification of the results was represented as (**H**) the ratio of BECN1 to GAPDH and (**I**) the ratio of LC3B-II to GAPDH. The results demonstrated significant upregulation of BECN1 and LC3B-II following exposure to SP600125 or rapamycin, showing induction of autophagy markers upon inhibiting the MAPK/JNK-MTOR pathway. (**J**) Live confocal image analysis on lentoid containing cultures exposed for 24 h to (**ii and v**) the MAPK/JNK inhibitor SP600125 or (**iii and vi**) the MTOR inhibitor rapamycin labeled with the fluorescent Cyto-ID dye (green) that specifically labels autophagic vesicles. Results showed that both inhibitors induced formation of autophagic vesicles. Lower panels show an overlay of the Cyto-ID fluorescent image with a DIC image. DMSO-exposed lentoids showed little or no labeling with Cyto-ID (**i and iv**). Images are 1-μm thick optical slices, acquired as z-stacks using confocal microscopy; scale bar, 20 μm. All graphs were plotted as a ratio of the phosphorylated protein to total protein expression or to loading control, GAPDH. Results are representative of at least 3 independent experiments. Error bars represent SE \**P* ≤ 0.05, *t* test.](auto-10-1193-g9){#F9}

The link of the loss of nuclei and organelles to disinhibition of the autophagy pathway that occurs following suppression of either MAPK/JNK or MTOR signaling was examined in lentoid-containing primary lens cultures. Blocking either MAPK/JNK or MTOR signaling for 24 h induced premature loss of ER (CALR3; [Fig. 9E](#F9){ref-type="fig"}), Golgi (FTCD; [Fig. 9F](#F9){ref-type="fig"}) and mitochondria (TOMM20; [Fig. 9G](#F9){ref-type="fig"}). This premature loss of organelles occurred concurrently with the induction of molecules intrinsically associated with the autophagy process, including BECN1 ([Fig. 9H](#F9){ref-type="fig"}) and LC3B-II ([Fig. 9I](#F9){ref-type="fig"}). Studies with this culture system using the live autophagy marker Cyto ID, which specifically labels autophagic vesicles, demonstrated the induction of autophagy in real-time in response to suppression of either MAPK/JNK or MTOR signaling ([Fig. 9J](#F9){ref-type="fig"}). In contrast, exposure of primary lens cell cultures to anisomycin (0.5 μM), a known inducer of MAPK/JNK activation, increased MAPK/JNK activity (phosphorylation of JUN), had little effect on the activation of MTOR, prevented conversion of LC3B-I to LC3B-II, and downregulated BECN1 ([Fig. S12](#SUP1){ref-type="supplementary-material"}). This result suggested that, in the lens, increasing activation of MAPK/JNK suppresses autophagy induction. Together, the primary lens cell culture studies led to the conclusion that inactivation of MAPK/JNK leads to autophagy-dependent loss of organelles in differentiating lens fiber cells through suppression of the MTOR signal.

Discussion
==========

Autophagy is a homeostatic process by which almost all cells recycle and remodel their own intracellular components to maintain cellular homeostasis.[@R17]^,^[@R80] Under conditions of stress such as hypoxia or in response to the need for energy when starved, cells will activate autophagy at a high level literally to eat their own organelles in order to survive.[@R5]^,^[@R81]^-^[@R83] Even under these extreme conditions the autophagic process must be a highly regulated signaling event in order to balance the cells' momentary needs without leading to the cells' death. Similarly, when organelles must be removed during cell differentiation for the specific developmental program of a tissue, this process must be regulated by signaling molecules able to turn on, and off, autophagic signaling pathways, which is sometimes required to have great spatial-temporal precision. The MTORC1 signaling pathway has long been known to be the main gatekeeper of autophagy in the cell.[@R27]^,^[@R84] When active, the downstream signaling effectors of MTOR suppress autophagy induction.[@R25]^,^[@R28] Finding systems best suited to understand the upstream regulators of this signaling pathway for normal cell behavior has remained a significant challenge. In our studies of the development of the lens we were able to identify MAPK/JNK as a crucial upstream signaling regulator of MTOR/MTORC1 signaling, the inactivation of MAPK/JNK leading to suppression of MTORC1 signaling, releasing the autophagy signal to execute the coordinated loss of nuclei and organelles that are one of the hallmarks of lens development ([Fig. 10](#F10){ref-type="fig"}).

![**Figure 10.** Proposed model for the role of MAPK/JNK in regulating MTOR-dependent autophagy for the removal of nuclei and organelles to form the OFZ during lens development. Our results showed that both MAPK/JNK and MTOR are critical components of the machinery that is involved in loss of nuclei and organelles during lens development. Active MAPK/JNK phosphorylates both MTOR and RPTOR in the MTORC1 complex to activate MTORC1 and block autophagy. Conditions that lead to inactivation of MAPK/JNK prevent phosphorylation of RPTOR and activation of MTOR, both essential components of MTORC1, causing disinhibition of the autophagy signal and inducing loss of nuclei and organelles in a tightly regulated manner from the central lens fiber cells to create the organelle-free zone.](auto-10-1193-g10){#F10}

It is, in fact, this very unique developmental process that is required for normal lens function that made this discovery possible. Transparency of the lens is essential to its role of focusing incoming images exactly on the site of the retina that processes these images for the brain. In addition to the remarkable geometric precision of its cellular organization, one of the incredible properties of lens cells that allows this tissue to belie its own cellularity and appear almost as if it was made of glass, is the developmental loss of nuclei and organelles from cells in the light path.[@R43]^,^[@R85] The removal of these organelles during lens development, referred to as formation of the "organelle-free zone,"[@R45]^,^[@R86] is highly regulated both spatially and temporally, beginning simultaneously over a wide area in the center of the lens. Some previous studies have established the need for specific molecules for nuclear degradation in the lens,[@R43]^,^[@R68]^,^[@R87]^,^[@R88] however prior to this study the signals that induced formation of the OFZ remained uninvestigated.

Our studies with 2 different MAPK/JNK-specific inhibitors (SP600125, JNK-IN-8) revealed that inhibition of the MAPK/JNK signaling pathway was sufficient to induce premature formation of the OFZ in embryonic lenses. While autophagy seems an obvious mechanism for OFZ formation, until the discovery of Brennan et al.[@R52] that human lenses express a full complement of genes responsible for the autophagic process, and the revelation that a mutation in a gene associated with autophagy was linked to congenital cataracts,[@R89] autophagy was not considered to be required for normal lens development. More recently, Wignes et al.[@R90] demonstrated that congenital cataract in the αBR120G crystalline mutant mouse is associated with maintained expression of SQSTM1 and inhibition of autophagy, and Costello et al. provided extensive electron microscopy evidence of the presence of autophagic vesicles in the lens.[@R91] The role of autophagy in the formation of OFZ in the lens has long been a subject of debate as selective deletion of autophagy regulators, including *Atg5* and *Pik3c3*, fail to abolish OFZ formation in the lens.[@R19] However, recent evidence shows that ablation of either of these molecular players is not alone sufficient to block the autophagy process.[@R20]^,^[@R21] Such discrepancies could be explained by differences in gene targeting approach (choice of exon deletion), cell type (context) dependence, influence of genetic background, and time of development examined.[@R21] Thus, there may be specificity or redundancy in the function of autophagy molecules in different tissue contexts and, in the embryonic lens, distinct pathways responsible for autophagy-dependent removal of organelles during development from those involved in maintaining homeostasis.

Our studies with the developing lens confirm that autophagy is at least one mechanism that is responsible for the formation of the OFZ, and place MAPK/JNK signaling as the molecular switch that regulates the developmental timing of autophagy induction in the lens differentiation program. Similar premature induction of autophagy in the central region of the embryonic lens and formation of the OFZ could be induced by rapamycin, which directly targets MTOR to block its signaling pathway, releasing the autophagic process. Our studies show that MAPK/JNK is upstream of MTOR (modeled in [Fig. 10](#F10){ref-type="fig"}). Blocking MAPK/JNK activity suppresses MTOR signaling associated with MTORC1 to activate autophagy and induce premature formation of the OFZ. Both MTOR and MAPK/JNK target essential elements of the MTORC1 complex, most importantly the scaffolding protein RPTOR.[@R29]^,^[@R74]^,^[@R75] Phosphorylation of RPTOR is essential to its scaffold function in bringing together the MTORC1 complex and suppressing autophagy in the cell.[@R36] Interestingly, inhibition of MAPK/JNK signaling has a much greater impact on blocking RPTOR phosphorylation than rapamycin, suggesting that this target is a key element in the role of MAPK/JNK in regulating the timing of autophagy induction during lens development. The role of MAPK/JNK in this pathway is multifaceted, as blocking MAPK/JNK signaling also suppresses activation of MTOR, not just MTOR's downstream signaling effectors. And studies with differentiating lens cells suggest that this pathway is not a circular one, as blocking MTOR activation with rapamycin has no measurable effect on the activity of MAPK/JNK. In contrast, activation of MAPK/JNK with anisomycin maintained MTOR activation and prevented autophagy induction, further support that the role of MAPK/JNK signaling in development involves its function in a pathway that prevents the induction of autophagy.

Immunostaining and immunoblotting for phospho-JUN, a molecular readout for MAPK/JNK activity, revealed that a dramatic, spatially coordinated shutdown of MAPK/JNK signaling occurs in the central region of the embryonic lens with the precise timing required for its central role in regulating formation of the OFZ. While our studies have revealed the downstream effectors of MAPK/JNK in autophagy-dependent removal of lens organelles, the regulators of the activity state of the MAPK/JNK signaling cascade still remain to be determined. Such an investigation promises to be challenging, as MAPK/JNK activation state is dependent on a balance between the activity of the upstream kinases and phosphatases that have been identified as its regulators, among which there are many candidates. Importantly, most of these known regulators of MAPK/JNK activity themselves are sensors of extracellular cues, changes in the cells' environment, even changes in cell shape. It is likely that there are many types of regulation at play here. Prior to formation of the OFZ, there are the signals that must keep MAPK/JNK active for its role in maintaining activity of MTOR and the MTORC1 complex, preventing loss of organelles. Then at the exact time in lens development when organelles need to be removed from the central lens fiber cells, other regulators must be responsible for turning off MAPK/JNK activation to inactivate the MTORC1 complex and induce autophagy. We suggest that these regulatory events are likely to converge at the plasma membrane, specifically on scaffolds assembled at integrin adhesion junctions. This is a particularly attractive scenario in light of the discovery by Pereira et al.[@R92] that the level of MAPK/JNK activity can be altered by the specific matrix microenvironment in which cells find themselves. These investigators go on to show that at focal adhesions both integrin receptors and TLN/talin are key factors in suppressing MAPK/JNK activity, while a static stretch of cells leads to integrin-dependent MAPK/JNK activation. These results are particularly exciting for our own studies as they suggest that alterations in the way cells interact with their matrix, or each other, can regulate MAPK/JNK signaling activity. This possibility would intricately tie the morphogenesis of the lens itself during its development to the signaling changes in MAPK/JNK activity that lead to induction of autophagy and formation of the OFZ, and therefore warrants further investigation.

In summary, our studies demonstrate that inactivation of MAPK/JNK in the ocular lens induces upregulation of autophagy proteins by suppressing the MTOR-RPTOR signaling axis, leading to the spatio-temporal removal of organelles from the central lens fiber cells to form the organelle-free zone in the lens.

Materials and Methods
=====================

Lens microdissection
--------------------

Lenses were isolated from chicken embryos (B&E Eggs, York Springs, PA) at different stages of development and microdissected into the central anterior epithelium (EC), equatorial epithelium (EQ), cortical fiber (FP), and nuclear fiber (FC) zones as previously described.[@R93]

Preparation of ex vivo whole lens organ cultures
------------------------------------------------

E13 lenses were placed in Complete Medium (Medium 199 \[Life Technologies, 11150-059\] with 10% fetal bovine serum, 1% penicillin and 1% streptomycin) at 37 °C. Lenses free of opacities after 2 h in culture were treated for 24 h or 48 h, as indicated, with either the specific MAPK/JNK inhibitor SP600125 (25 µM; Enzo Life Sciences, BML-EI305-0010),[@R66] the specific and irreversible MAPK/JNK inhibitor JNK-IN-8[@R67] (1 μM; EMD Millipore, 420150), the MTOR kinase inhibitor/autophagy inducer, rapamycin (100 nM; Calbiochem/EMD Millipore, 553211), or the vehicle control DMSO (0.1% Me~2~SO; Sigma, 276855). Lenses were microdissected for immunoprecipitation or direct western blot analysis, fixed, and cryosectioned for immunostaining studies, or fixed and prepared for electron microscopic studies.

Preparation of primary lens cell cultures
-----------------------------------------

Primary lens cell cultures were prepared as described previously[@R47] using lenses isolated from E9 quail lenses. Briefly, cells were isolated by trypsinization and agitation and plated on laminin, and cultured in Complete Medium. After the cells had differentiated and formed mature lentoid structures (D10) they were treated for 24 h with MAPK/JNK inhibitor, SP600125 (25 µM), the MTOR inhibitor, rapamycin (100 nM), the MAPK/JNK activator anisomycin (Tocris Bioscience, 1290; 0.5 μM) or the vehicle control DMSO. Details on preparation of the SP600125 inhibitor have been previously described.[@R66] For treatment of embryonic lenses with inhibitors in ex vivo organ culture or in primary lens cell cultures complete medium was replaced with medium containing SP600125 (25 μM), JNK-IN-8 (1 μM), rapamycin (100 nM) or anisomycin (0.5 μM).

Antibodies
----------

Antibodies to HSPA5/BiP/GRP78 (ER marker, G8918) and FTCD (Golgi marker, G2404) were purchased from Sigma Aldrich. JUN/c-Jun (sc-45), p-JUN/c-JunSer63/73 (sc-16312-R), p-RPS6KB/p70S6K Thr389 (sc-11759), RPS6KB/p70S6K (sc-9027), p-RPTOR/RAPTOR Ser863 (sc-130214), RPTOR/RAPTOR (sc-81537), CALR3/calregulin/calreticulin (sc-166837), ULK1/Atg1 (sc-33182), BECN1/BECLIN1 (for immunostaining, sc-11427), TOMM20 (sc-17764), SQSTM1/p62 (sc-25575) and GAPDH (sc-25778) were purchased from Santa Cruz Biotechnology, Inc. Antibodies to p-MTOR Ser2481 (2974), MTOR (2983) and BECN1/BECLIN1 (for immunoblotting, 3495) were purchased from Cell Signaling Technology. Antibody to LC3B was purchased from Novus Biologicals (NB100-2220). ATG14 (5504) was purchased from Cell Signaling Technology. Antibody to AQP0/Aquaporin-0 was generated as described in a separate study (MP28[@R94]).

Immunoblotting
--------------

A triton/octylglucoside (OG/T) buffer cocktail composed of 44.4 mM *n*-octyl β-D-glucopyranoside, 1% Triton X-100, 100 mM NaCl, 1 mM MgCl~2~, 5 mM EDTA, and 10 mM imidazole, containing 1 mM sodium vanadate, 0.2 mM H~2~O~2~, and protease inhibitor cocktail (Sigma Aldrich, P8340) was used to extract the cells as described previously.[@R95] The concentration of protein was determined using the BCA assay (Thermo Sceintific, 23223, 23224). 50 μg of protein extracts were subjected to SDS-PAGE on precast 8--16% tris/glycine gels (Invitrogen, EC6045BOX). Proteins were electrophoretically transferred onto Immobilon-P membranes (Millipore Corp., IPVH00010). Membranes were blocked in 5% skim milk for 1 h and probed for primary antibodies at 4 °C overnight followed by secondary antibodies conjugated to horseradish peroxidase (BIO-RAD, 170-6515, 170-6516). Protein bands were detected using ECL reagent or ECL plus reagent (Thermo Fisher Scientific Inc. Rockford, 32106, 80197) and images were acquired using the FluorChem E & M imager from Protein Simple (FM0418). The FluorChem E & M imager is a digital darkroom technology with an 8.3 megapixel CCD (charge-coupled device) resolution and flat field calibration that corrects for non-uniformities in light gathering.

Immunoprecipitation
-------------------

For these studies the FP and the FC zones were isolated from 100 E15 lenses by microdissection and extracted with OG/T buffer. To determine association of MTOR with RPTOR the entire FP and FC fractions were immunoprecipitated with primary antibody to MTOR (4 °C overnight), followed by incubation with TrueBlot immunoprecipitation beads from eBiosciences (00-8800-25) for 1 h. The immunoprecipitates and whole cell lysates were subjected to SDS-PAGE, transferred to Immobilon-P membranes and the association of RPTOR with MTOR determined using western blot techniques as described above.[@R95]^,^[@R96]

Immunostaining
--------------

Freshly isolated lenses, lenses from organ culture, and primary lens cell cultures were fixed in 3.7% formaldehyde (15 min for primary cultures and overnight for whole lenses). For detecting phospho-protein, cultures were pre-treated with pervanadate for 20 min prior to fixation. Whole lenses were cryopreserved in 30% sucrose solution after fixation for 24 h or longer and prepared for cryosectioning. 20-μm thick sections were cut. Samples were then permeabilized with 0.25% Triton X-100 in DPBS buffer (2.7 mM KCl, 1.5 mM KH~2~PO~4~, 137.9 mM NaCl, 8.1 mM Na~2~HPO~4~--7 H~2~O \[Corning, 21-0310CV\]) for 10 min, blocked in blocking buffer for 1 h (5% goat serum, 0.5 g BSA in 50 ml DPBS) and then incubated sequentially in primary antibody either for 3 h at 37 °C or overnight at 4 °C, followed by a fluorescent-conjugated secondary antibody for 2 h (Jackson ImmunoResearch Laboratories, 111-295-144, 115-545-003, 115-295-008). F-actin was localized with Alexa448-conjugated phalloidin (Invitrogen-Molecular Probes, A12379). Nuclei were counterstained with TO-PRO-3 (Invitrogen-Molecular Probes, T3605). All sections were cut serially in the anterior to posterior direction.

Image analysis
--------------

Phase contrast microscopy was performed using a Nikon Eclipse TE2000-U microscope (Optical Apparatus), and images were acquired with the Cool Snap HQ[@R2] camera (Photometrics) using Image-Pro Plus software (Phase 3 Imaging Systems). Confocal microscopy was performed using the Zeiss LSM510 META confocal microscope. Single optical planes were selected from z-stacks, each 1-μm thick, unless otherwise indicated, using the LSM5 Image Browser. For creating projection images optical slices 8-μm thick were used. Orthogonal views were created using the LSM5 Image Browser. DIC images were acquired using the Zeiss LSM510 confocal microscope.

Transmission electron microscopy
--------------------------------

Lenses were fixed in 2% formaldehyde, 2.5% glutaraldehyde for 72 h. Fifty micron-thick serial cross sections were cut using a Vibratome (Technical Product International), and rinsed extensively in 0.1 M phosphate buffer (PB; pH 7.4) and 0.1 M Tris-buffered saline (TBS; pH 7.6). Next, sections were fixed in 2% osmium tetroxide (Electron Microscopy Sciences, 19190) in 0.1 M PB for 1 h and dehydrated in an ascending series of ethanol followed by propylene oxide and flat embedded in Epon 812 (Electron Microscopy Sciences);[@R97] between 2 sheets of Aclar plastic (Electron Microscopy Sciences, 50425-25).

Mid-coronal/crosssections were selected from each lens and 20--25 serial sections of 74-nm thickness were cut from the mid-sagittal vibratome lens section with a diamond knife from each lens (Diatome-US, Fort Washington, PA) using a Leica Ultracut microtome (Leica Microsystems, Wetzlar, Germany) and collected on copper mesh grids ((Electron Microscopy Sciences, G300H-Cu). The grids were then counterstained with 8% uranyl acetate solution for 20 min followed by lead citrate solution for 5 min and examined with an electron microscope (Morgagni, Fei Company, Hillsboro, OR). To examine for the presence of autophagic vacuoles in lens fiber cells, cortical lens fibers close to the zone of organelle-free zone formation were imaged. Five different such regions were examined for the presence of autophagic vesicles. Digital images were captured using the AMT advantage HR/HR-B CCD camera system (AdvanceMicroscopy Techniques Corp., Danvers, MA, USA). Images were assembled and adjusted for brightness and contrast in Adobe Photoshop CS6 software (Adobe Systems, Inc., San Jose, CA).

Electron microscopy quantification
----------------------------------

Autophagic vesicles that included both autophagosomes (double-membrane vesicles containing cellular debris or degrading organelles) and autolysosomes (single-membrane vesicles formed after autophagosomes have fused with hydrolytic enzyme-containing lysosomes, giving them a translucent interior) were counted blind for each treatment. For analysis, 4 different areas in the cortical lens fiber zone close to the OFZ were randomly selected. Four neighboring lens fiber cells in cross section were considered as 1 unit area. The total number of autophagic vesicles observed for each treatment group (DMSO, SP600125, rapamycin) was divided by the number of times the experiment was performed (4) to determine the average number of vesicles observed per experiment. The cell number was kept at a constant while counting and the average number of autophagic vesicles observed for each treatment group was quantified and represented graphically.

Live imaging studies
--------------------

Cyto-ID**^®^** Autophagy detection kit (Enzo Life Sciences, ENZO-51031-K200), which specifically labels autophagic vesicles,[@R98] was used according to the manufacturer's protocol. Briefly, cultured cells were washed with 1× assay buffer prior to incubation with dye solution (3 μl of dye to 1ml of 1× assay buffer for each dish). Samples were shielded from direct light and incubated in the dye for 10--15 min at 37 °C. After the incubation period, cells were imaged live using confocal imaging.

Preparation and treatment of MCF-7 cell cultures
------------------------------------------------

MCF-7 breast cancer cells were obtained from the American Type Culture Collection (ATCC, HTB-22) and maintained in ATCC-formulated Eagle's Minimum Essential Medium (30-2003), supplemented with 0.1% bovine insulin powder (Gemini Bio-products, 700-112P), 10% FBS and 1% penicillin-streptomycin. After the cells reached 90% confluency they were exposed for 24 h to the MAPK/JNK inhibitors (SP600125, 25 µM; or JNK-IN-8, 1 µM), the MTOR inhibitor rapamycin (100 nM), the MAPK/JNK activator anisomycin (Tocris Biosciences, 1290 0.3 μM) or the vehicle control DMSO. Post-treatment cells either were extracted in OG/T buffer for immunoblot analysis or fixed in 3.7% formaldehyde for immunofluorescence studies as described above. For live imaging of ER and lysosomes in real-time cells were incubated with LysoTracker^®^ Green DND-26 (1 µM; Invitrogen L7526) and ER-Tracker™ Red (2 µM; BODIPY^®^ TR Glibenclamide, Invitrogen, E34250) in Medium 199 (without phenol red, serum or antibiotics) for 20 min at 37 °C. Cells were then washed twice with PBS, transferred to Medium 199 (without phenol red, serum or antibiotics) and imaged live by confocal microscopy. Live imaging of MCF-7 cells with CYTO-ID was performed as described above.

Densitometric analysis of immunoblots
-------------------------------------

The densitometric analysis of immunoblots was performed using both Carestream Health Imaging Software (Carestream Health Inc.) and Alpha View^®^ software (Protein Simple).

Statistical analysis
--------------------

Statistical analysis was performed using *t* test on 3 or more independent experiments using the SPSS statistics software. Error bars represent SEM. Differences were considered significant when \**P* ≤ 0.05, ^\#^*P* ≤ 0.05 and, \*\**P* ≤ 0.01.
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BECN1

:   Beclin 1, autophagy-related

DMSO

:   dimethyl sulfoxide

EQ

:   equatorial epithelium

FC

:   central nuclear fiber cells

FP

:   cortical fiber cells

MTOR

:   mechanistic target of rapamycin (serine/threonine kinase)

OFZ

:   organelle-free zone

RPTOR

:   regulatory associated protein of MTOR, complex 1
